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some to have an almond-like odor. It can be produced by the contact of cyanide salts such as sodium or potassium cyanide with acids or acid salts, by the hydrolysis of other cyanide gases such as cyanogen chloride, and by the hydrolysis of cyanogenic glycosides, which are natural products of constituents in plants such as cassava, lima beans, pitted fruits, and bamboo shoots ( Figure 1 ). 9
Sources of Cyanide
Cyanides come from a wide range of natural and humanmade sources. 8, 9, 11, 12 Both gaseous and solid forms of cyanide are used extensively, often in very large quantities, in industries including metallurgy, electroplating, and metal cleaning. Cyanide also is used in the recovery of gold and silver from mineral ores and of silver from photographic materials; in the production of plastics, pigments, and dyes; and as a pesticide. Other sources of cyanide include emissions from production of iron and steel, coal burning, vehicle exhaust, and cigarette smoke. Moreover, hydrogen cyanide is released as a product during the combustion of plastics and other polymers, silks, wool, cotton, and many other nitrogen-containing substances. According to the Toxics Release Inventory, nearly 2.8 million pounds of hydrogen cyanide were released from 76 facilities in 1998. Air emissions result in the release of the majority of these compounds (2.06 million pounds) followed by release by underground injection (approximately 600,000 pounds) and in landfills (approximately 113,000 pounds). 13 Numerous substances are cyanogenic when burned or when metabolized in the body. 9, 14 For example, nitriles, used as solvents and in the manufacturing of plastics, can release hydrogen cyanide during combustion or when they are metabolized after absorption through the skin or gastrointestinal tract. Some drugs (e.g., sodium nitroprusside, benzylisothiocyanate, and amygdalin [a fraudulent cancer remedy]) and plant constituents (e.g., those in cassava or Puerto Rican lima beans) can generate cyanide in the body when they are metabolized. Some of these sources, such as cyanogenic plant constituents, are more likely to cause chronic toxicity when ingested over a period of time and typically are not responsible for acute cyanide toxicity.
Human Exposure to Cyanide
Cyanide poisoning can occur under heterogeneous circumstances including occupational exposure, industrial accidents, natural catastrophes (e.g., fire resulting from an earthquake), suicide and murder attempts, chemical warfare, and terrorism. Cyanide exposure from combustion of nitrile plastics and other nitrogen sources is a common, but sometimes overlooked hazard in firefighting.
Occupations with potential exposure to cyanides are listed in Table 3 . 15 Violation of occupational exposure standards for cyanide in the US is punishable by law. In 1990 in Illinois, a cyanide-related death was prosecuted as murder in light of evidence that an employee of Film Recovery Systems (the defendant in the case) died after inhaling cyanide while working in a plant owned by Film Recovery Systems. Plant workers were not informed that they were working with cyanide, the plant was poorly ventilated, and workers were not provided with protective clothing. 16 Of the approximately 2.7 million incidents of poisoning reported to the American Association of Poison Control Centers in 2002, cyanide accounted for 224. 17 This number substantially under-represents the actual incidence of acute cyanide poisoning, because it represents only voluntary, unsolicited reports and does not include reports of cyanide poisoning arising from smoke inhalation, which is the most common cause of acute cyanide poisoning in the Figure 1 -Cyanogenic glycosides in some edible plant contituents. 9 Dhurrin occurs in sorghum, linamarin in cassava, amygdalin in almonds, lotaustralin in cassava and lima beans, prunasin in pitted fruits, and taxiphyllin in bamboo shoots. US. Cyanide is thought to be a significant contributor to up to 10,000 deaths attributed to smoke inhalation each year in the US. 12
Biological Effects of Cyanide
Depending on its form, cyanide can enter the body via inhalation, ingestion, or absorption through the skin. 12, 14 The body can detoxify small amounts of cyanide by several mechanisms including metabolism in the liver by the enzyme rhodanese to non-toxic thiocyanate, which is excreted in the urine, and conversion of cyanide to cyanocobalamin by binding to hydroxocobalamin ( Figure 2 ). 14 These mechanisms are overwhelmed by exposure to all but very small concentrations of cyanide. Cyanide is thought to cause toxicity by inactivating mitochondrial cytochrome oxidase. 14 Early symptoms of acute cyanide poisoning include neurological manifestations such as giddiness, confusion, headache, and dizziness; nausea and vomiting; palpitations and hyperventilation or shortness of breath; and eye irritation. These symptoms reflect neurologic and respiratory stimulation occurring as a reflexive attempt to compensate for tissue hypoxia. Later symptoms of acute cyanide poisoning reflect neurological, respiratory, and cardiovascular depression arising from inability to compensate for the tissue hypoxia. Seizures, coma, respiratory arrest, and cardiac arrest can occur within minutes after exposure to moderate to high concentrations of cyanide.
Other signs that sometimes are present in acute cyanide poisoning include cherry-red complexion and bright-red retinal veins and arteries. These signs are attributed to high oxygenation of venous blood (as well as arterial blood) because of the inability of cells to extract oxygen from arterial blood. Cyanosis, which can be an indication of poorly oxygenated blood, typically is not present because of the elevated venous oxygen levels. Breath may have a bitter, almond-like odor attributed to excretion of unmetabolized cyanide; however, this odor may be undetectable.
Although cyanide poisoning is dangerous and frequently lethal, effective intervention is possible with supportive care and treatment using antidotes. Management of acute cyanide poisoning entails removing the victim from the source of cyanide, basic supportive measures (e.g., administration of 100% oxygen, cardiopulmonary resuscitation) intended to gain or maintain cardiac and respiratory function, and administration of an antidote (Table 4) . 12, 14, 18, 19 Supportive care beyond basic cardiopulmonary support is administered depending on the specific needs of the victim: (1) anticonvulsants are given for seizures; (2) continuous infusion of pressors may be administered for cardiovascular collapse; (3) antiarrhythmics are administered for cardiac rhythm abnormalities; and (4) sodium bicarbonate is given in an attempt to correct metabolic acidosis.
Cyanide Antidotes
Cyanide Antidote Package Several cyanide antidotes are available around the world. Cyanide antidotes include the Cyanide Antidote Package (also known as the Cyanide Antidote Kit (CAK), Lilly kit, Taylor kit, and Pasadena kit), hydroxocobalamin (or Cyanokit®), and other antidotes such as dicobalt edetate (EDTA) and 4-dimethylaminophenol (4-DMAP). The CAK, the only cyanide antidote currently available in the US, is composed of amyl nitrite (available as pearls), sodium nitrite, and sodium thiosulfate. 10, 14 Sodium nitrate and sodium thiosulfate are administered intravenously, whereas amyl nitrate often is given via a mechanical ventilation device and is required to stabilize the victim before the administration of the other components of the antidote kit. Sodium nitrate reduces blood cyanide levels by causing the formation of methemoglobin, to which cyanide binds with higher affinity than it does to the cytochrome oxidase enzyme. Binding of cyanide to methemoglobin liberates cytochrome oxidase, which is necessary for aerobic cellular respiration. Sodium thiosulfate binds the cyanide ion to form thiocyanates, which are much less toxic than cyanide and are excreted by the kidneys.
iron (Fe 3+ ) of cytochrome oxidase a3 to inhibit the oxidative function of this enzyme and thereby to block cells from using oxygen, which is the substrate of normal cellular respiration. Cyanide causes cells to switch from aerobic (or oxygen-dependent) metabolism that yields the cellular energy source adenosine triphosphate (ATP) to anaerobic (or oxygen-independent) energy production, which generates toxic byproducts such as lactic acid instead of ATP. The heart, brain, and liver particularly are vulnerable to cyanide poisoning because of their requirement for a continuous supply of oxygen and ATP generated from aerobic metabolism.
The time between initial exposure to cyanide and symptom onset can vary from seconds to hours depending primarily on the concentration of cyanide exposure. Exposure to moderate to high concentrations of cyanide can cause the loss of consciousness in seconds, and respiratory depression and cardiac arrest can follow within minutes. Because cyanide poisoning can culminate in death so quickly, the success of intervention critically depends on early recognition of potential cyanide poisoning and prompt initiation of treatment.
Recognition and Management of Cyanide Poisoning in the Prehospital Setting
No laboratory test, including measurement of blood cyanide concentrations, can confirm the presence of acute cyanide poisoning within the time period required to initiate intervention. Therefore, in the prehospital setting, cyanide poisoning is diagnosed clinically on the basis of symptoms and signs. A diagnosis of cyanide poisoning is suggested strongly by rapid loss of consciousness or development of coma and cardiovascular instability in the presence of conditions consistent with the possibility of cyanide exposure. 12, 14 The presence of elevated concentrations of plasma lactate, a toxic byproduct of anaerobic energy production, in addition to impaired consciousness and cardiovascular instability, increase confidence in the diagnosis. Other diagnostic clues include a recent history consistent with cyanide exposure. For example, the presence of cyanides in the workplace is consistent with possible occupational exposure. Exposure to smoke from fires suggests the possibility of cyanide poisoning. Cyanide poisoning should be suspected in any individual exposed to fire smoke in a structural or other confined-space fire. 7 
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antidotes are not well-suited for prehospital empiric treatment of acute cyanide poisoning because of their risk:benefit ratios. Dicobalt-EDTA can cause severe hypotension, particularly in patients without cyanide poisoning, 11 and 4-DMAP is associated with severe methemoglobinemia. 22 
Hydroxocobalamin
In order to address the unmet need in the US and other countries to find an antidote suitable for use as an empiric out-of-hospital intervention, use of the antidote hydroxocobalamin, a precursor of vitamin B 12 seems appropriate (Table 5 ; Figure 3 ). [23] [24] [25] Another form of hydroxocobalamin currently is used in the US to treat vitamin B 12 deficiency, but the formulation for this use is too dilute to be used as a cyanide antidote. Hydroxocobalamin has been recognized as a cyanide antidote for almost 50 years. It was granted regulatory approval for marketing in 1996 in France, where it is the antidote of choice and is commercially available as Cyanokit® (Merck Santé s.a.s.). In France, hydroxocobalamin is used for empiric prehospital treatment of cyanide poisoning and in smoke-inhalation victims as well as in hospitalized victims. 14, 23 Each kit includes two vials of 2.5 g hydroxocobalamin lyophilizate for reconstitution with 100 mL saline per vial before use and two sterile transfer kits. The initial adult dose of hydroxocobalamin in France is typically 5 g. In Europe, an additional 5 g dose can be given according to the clinical status of the patient. Dosing recommendations for the US (should hydroxocobalamin be introduced there)
are not yet established.
Hydroxocobalamin detoxifies cyanide by binding with it to form cyanocobalamin, or vitamin B 12 , which is excreted in urine. 14 Hydroxocobalamin pharmacokinetics in humans have not been studied extensively, but the currently available data show significant intra-individual variability. In a prospective study conducted in 11 smoke-inhalation The CAK is associated with risks that limit its prehospital empiric use. 11, 20, 21 First, the nitrite components of the kit displace oxygen from hemoglobin to form methemoglobin. Although methemoglobin is beneficial in that it neutralizes cyanide, this effect may be counterproductive because it reduces the oxygen-carrying capacity of the blood. Nitrite-induced methemoglobinemia may exacerbate ischemia in patients with low cardiopulmonary reserve, and may be harmful or fatal in smoke-inhalation victims who have pre-existing hypoxia because of carbon monoxide poisoning. Second, sodium nitrite and amyl nitrite in the CAK cause potent vasodilation leading to hypotension and, potentially, shock. Cyanide-poisoned victims have marked hemodynamic instability, and the additive effects of nitrite-induced vasodilation can be harmful or fatal. The sodium thiosulfate component of the CAK is limited by its slow onset of action. Therefore, it is most often used in conjunction with other rapidly acting agents rather than as a single antidote.
Induction of methemoglobinemia with the nitrite components of the CAK can be particularly dangerous in victims of cyanide poisoning arising from smoke inhalation. 10, 11, 20, 21 Smoke-inhalation victims almost always have carbon monoxide toxicity. Like nitrites, carbon monoxide displaces oxygen from hemoglobin. Carbon monoxide displaces oxygen from hemoglobin to form carboxyhemoglobin, whereas nitrites in the CAK displace oxygen from hemoglobin to form methemoglobin. The additive oxygen-depriving effects of nitrites and carbon monoxide can be lethal. Therefore, use of the nitrite components of the CAK is not recommended in victims of cyanide poisoning arising from smoke inhalation. Between 1989-1994, 69 patients were treated with hydroxocobalamin. The sample was divided approximately equally between men (n = 33) and women (n = 36). All but one patient had neurological impairment. More than half of the patients were comatose before the administration of hydroxocobalamin. Cardiorespiratory arrest initially was present in 14 of 69 patients (20.2%). Of the 69 patients treated with hydroxocobalamin, 50 (72%) survived. Among the 19 patients who died (28%), the main causes of death were decerebration related to anoxia and infectious complications unrelated to cyanide intoxication. Hemodynamic parameters, including arterial pressure and heart rate, remained relatively stable following the administration of hydroxocobalamin. Neurological impairment before administration of the antidote was present in 68 of 69 patients (98.6%). Among these patients, neurological recovery (defined as disappearance of neurological signs) was observed in 46 patients (68%).
Dicobalt-EDTA, 4-DMAP
The data with smoke-inhalation victims are complemented by clinical data from a case series of nine severely ill patients (seven men, two women) admitted to the Toxicological Intensive Care Unit of the Hôpital Fernand Widal in France, who were treated with hydroxocobalamin after exposure to lethal doses of cyanide. 25 The subject subsequently were incorperated into a published study on lactic acidosis as a measure of severity of intoxication. 26 Seven of the patients had voluntarily ingested cyanide salts; one had voluntarily ingested acetonitrile; and one accidentally had been exposed to cyanogen bromide gas. The mean value for the age of the patients was 41.4 years. At admission, patients showed signs of severe cyanide poisoning. Five of the patients were comatose; six were in shock; and three were in cardiorespiratory arrest. Mean values for systolic blood pressure and plasma lactate were 81 mmHg and 20.6 mmol/L, respectively. Mean blood cyanide concentrations values ranged from 12.7-256.4 µmol/L. Hydroxocobalamin was administered intravenously in the emergency department at an average dose of 8.1 g (range 5-15 g).
Six of the nine patients survived after treatment with hydroxocobalamin (Table 6 ). 25 Of the three patients who died, all had been admitted several hours after the onset of intoxication when neurological impairment appeared to be irreversible. Hydroxocobalamin improved blood pressure in all patients admitted with shock or hypotension. Furthermore, neurologic parameters normalized in two of the five patients who were comatose at admission.
Hydroxocobalamin appears to be well-tolerated with no known major toxicities. 1, 2, 11, 25 Hydroxocobalamin does victims, serum hydroxocobalamin concentrations were measured for six days after a single 5g dose of the antidote. 24 The pharmacokinetic data fit a two-compartment model. The author concluded that the apparent volume of distribution suggests predominantly extracellular partitioning of the antidote. Distribution half-life was 1.89 ±0.34 hours (h); elimination half-life was 26.2 ±2.7 h; volume of distribution was 0.45 ±0.03 L/kg; renal clearance was 0.31 ±0.06 L/h; and total body clearance was 0.83 ±0.07 L/h. The antidotal efficacy of hydroxocobalamin for acute cyanide poisoning was assessed in a prospective, open-label study of 69 smoke-inhalation victims in Paris, France and a retrospective study of nine victims of poisoning by large concentrations of ingested (n = 8) or inhaled (n = 1) cyanide. 25, 26 The prospective Paris study, an open-label trial conducted from 1989-1994, enrolled adults who were at least 15 years of age and who were victims of smoke inhalation as determined by soot in the mouth and expectoration, and the presence of neurologic impairment. 25 The main exclusion criteria were presence of multiple traumatic injuries, seconddegree (or more severe) burns exceeding 20% of body surface, and significant facial burns. After they were examined at the scene of the fire, patients received an intravenous infusion of hydroxocobalamin 5g (maximum total infusion dosage 15g) and supportive care. Oxygen was administered by mask or intubation. Some patients who were in shock or ventilatory arrest received additional hydroxocobalamin at the scene of the fire or during hospitalization. 
